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Introduction
reason for this may be due to functional redundancy between members of the very large family of 87 LysM RLKs present in legume genomes (e.g. Arrighi et al., 2006) . 88
In contrast, promising advances in this direction have recently come from studies on the monocot 89 rice, where it has been shown that either knock-out (Miyata et al., 2014) or silencing (Zhang et al., 90 2015) of the OsCERK1 gene results in a clear defect in AM fungal penetration of the root 91 epidermis. OsCERK1 was originally identified as a LysM RLK that associates with OsCEBiP, a LysM 92 RLP (receptor-like protein) lacking a kinase domain to perceive long-chain chitin oligomers (such 93 as chito-octaose, CO8) as part of a host immune defense signaling pathway responding to fungal 94 pathogen elicitors (Shimizu et al., 2010) . Thus, mutations in either OsCERK1 or OsCEBiP fail to 95 activate the chitin-triggered immune defense response (Kouzai et al., 2014; Miyata et al., 2014) . In 96 contrast to Oscerk1, Oscebip mutants establish AM symbiosis normally, suggesting that this 97 particular LysM RLP is probably not essential for the perception of chitin-based AM symbiotic 98 signals (Miyata et al., 2014) . In addition to these findings, a recent study has shown that the short-99 chain Myc-CO chito-tetraose (CO4) is an active elicitor of nuclear Ca²⁺ spiking in rice atrichoblasts 100 (Sun et al., 2015) , the non-root hair epidermal cells that are targeted for infection by AM hyphae. 101
In contrast, the same study showed that even high concentrations of Myc-LCOs were unable to 102 trigger Ca²⁺ spiking in rice atrichoblasts. 103
In this paper we have made use of the Oscerk1 knock-out mutant to directly investigate the role of 104 this rice LysM RLK in perceiving symbiotic AM signals. Experiments using transgenic rice lines 105 expressing a nuclear Ca²⁺-sensing cameleon probe have revealed that, by comparison with wild 106 type (WT) plants, the Oscerk1 mutant is unable to respond to crude germinated AM fungal spore 107 exudates. Furthermore, the fact that purified CO4 also fails to trigger Ca 2+ spiking in the Oscerk1 108 background provides additional evidence that Myc-COs present in the fungal exudate arefor 3 days to induce germination, and then exposed to a light period of 16h at a constant 124 temperature of 23°C with an aluminium foil wrap to limit light illumination of the root system. 125
Since the cameleon fluorescence appeared to be strongly reduced in older roots, 2 cm-long apical 126 segments of primary roots from 7-10 day old plantlets were used for the various treatments and 127 subsequent FRET-based imagery. 128
129

Fungal signals and root treatments 130
The AM fungus used in this study was Gigaspora margarita isolate BEG 34 (International Bank for 131 Glomeromycota, University of Kent, UK). Germinated spore exudates (GSE) were produced as 132 described in Chabaud et al. (2011) . Briefly, batches of 100 surface-sterilized G. margarita spores 133 were germinated in 1 ml of sterile distilled water over a 7-day period. The resulting fungal 134 germination medium was then concentrated 10-fold using a Lio5P lyophilizer (Cinquepascal, Milan, 135 Italy) and stored at -20°C. All experiments were performed using the 10-fold concentrated G. 136 margarita spore exudate. 137
Purified CO4 was purchased from Megazyme (Libios, France). A CO4 stock solution was prepared 138 in sterile distilled water at 10 -3 M and stored at -20°C. Preliminary tests performed on the rice 139 seedling primary roots expressing adequate levels of cameleon fluorescence revealed that a 140 concentration of 10 -5 M CO4 was required for the efficient induction of Ca 2+ spiking in root 141 atrichoblasts. (Fig. S1) . 142
The protocol for root treatment was modified from that described in Genre et al. (2013) . Root 143 segments were placed in a 2 mm-thick microchamber containing sterile distilled water on a 144 microscope slide. The water in the microchamber was rapidly (< 30 s) substituted by 100µl of 145 either GSE, 10 -5 M CO4 or sterile distilled water (as control) before initiating confocal image 146 acquisition. To prevent a cold-shock response, all solutions were warmed to 25°C before use. Previous studies using the legume Medicago truncatula had shown highly variable Ca 2+ spiking 168 profiles in root atrichoblasts in response to both AM fungal GSEs and short-chain COs such as CO4 169 (Genre et al., 2013; Russo et al., 2013) . Since this also appears to be the case in rice ( and independent roots analyzed for each experimental condition are presented in Table S1 and 176 statistical tests were carried out using non-parametric analysis of variance (Kruskal-Wallis) with a
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AM fungal exudates fail to trigger symbiotic Ca 2+ spiking in the Oscerk1 mutant backgroundon roots of both Medicago and Daucus (Genre et al. 2013 ) and the two representative profiles 187 shown in Fig. 1 underline the considerable irregularity and variability of the spiking responses. In 188 contrast, spiking was not observed in control experiments when the GSE was replaced by distilled 189 water ( Fig. 1) . 190
The NLS-YC2.60 cameleon was then introduced into the Oscerk1 background, and roots of the 191 transgenic mutant line were treated with the crude fungal exudate. In contrast with WT, 192 atrichoblasts of the Oscerk1 mutant failed to respond to the G. margarita GSE (Fig. 1) . This was 193 confirmed statistically by quantifying the percentage of responding atrichoblasts based on the 194 combined results from a total of over 100 atrichoblasts and up to ten independent roots for each 195 line ( Fig. 2 ; Table S1 ). In conclusion, in the absence of functional OsCERK1, rice roots are no longer 196 able to perceive the fungal signal molecules present in the AM GSE that normally trigger Ca²⁺ 197 spiking in WT atrichoblasts. 198 199 The Oscerk1 mutant is also defective in responding to Myc-COs 200
As stated earlier, short-chain chitin oligomers such as chito-tetraose (CO4) are biologically active 201 components of the AM GSE, capable of triggering epidermal Ca 2+ spiking responses in both 202
Medicago and Daucus (Genre et al., 2013) as well as in rice (Sun et al., 2015) . Furthermore, the 203 fact that strigolactones can boost Myc-CO levels in AM GSEs provides direct evidence for a pre-204 infection molecular dialogue between symbiotic partners (Genre et al. 2013 ). CO4 activity was 205 therefore evaluated for both the WT and Oscerk1 transgenic rice lines. Figure 1 shows that, as 206 expected, 10 -5 M CO4 is able to initiate calcium spiking in root atrichoblasts of WT rice. However, 207 in line with the GSE treatment, Oscerk1 mutants did not display the sustained Ca²⁺ spiking 208 response observed in the WT line (Fig. 1) , and this was again confirmed by quantitative analysis 209 (Fig. 3) . These results are therefore consistent with an essential role for OsCERK1 in a receptor OsCERK1 is known to form a receptor complex with the LysM RLP OsCEBIP during defense-relatedmutation of the OsCEBiP gene is only defective in the host immunity response (Miyata et al., 217 2014) . For this reason it was important to examine whether the Oscebip mutant is still able to 218 respond to AM fungal signals. Results presented in Fig. 2 and Fig. S2 show that, in contrast to 219
Oscerk1, exogenous GSE treatment can trigger Ca 2+ spiking responses in Oscebip root atrichoblasts. 220
Equally, the application of purified 10 -5 M CO4 to roots of the Oscebip mutant elicited Ca 2+ spiking 221 responses which could not be distinguished quantitatively from those observed with the wild type 222 line ( Fig. 3; Fig. S2 ). These findings are therefore coherent with the lack of an AM phenotype for 223
Oscebip, and provide additional evidence that, in rice, distinct receptor complexes are required for 224 perceiving the appropriate chitin oligomers which activate either symbiotic or defense-related 225 downstream signaling pathways (Miyata et al. 2014; Shinya et al., 2015) . (Shinya et al., 2015) . This model also explains why CO4/CO5 are unable to 278 trigger defense signaling, since these short-chain oligosaccharides cannot simultaneously bind to 279 two LysM domains. However, they can act as antagonists to CO8-induced receptor dimerization 280 (Liu et al., 2012) . 281
Since the Oscebip mutant is defective for chitin-triggered immunity, but unaffected for either AM 282 fungal colonization (Miyata et al., 2014) or the capacity to respond to both exogenous AM fungal 283 GSE and 10 -5 M CO4 (Figs. 2&3) , it appears unlikely that OsCEBiP has a role in 284 perceiving/transducing the symbiotic AM fungal signals. Bearing in mind that there is currently no 285 evidence for direct binding of the OsCERK1 co-receptor to chitin oligomers and that all known 286 plant LysM RLP-mediated receptors comprise at least two partners, the most likely scenario at this 287 stage is that OsCERK1 associates with a second LysM-containing membrane protein. Following this 288 reasoning, the role of one possible LysM RLK partner, OsNFR5, the rice ortholog of LjNFR5/MtNFP, 289 was examined by creating an Osnfr5 knock-out mutant. However, this mutant can be successfully 290 colonized by AM fungi (Miyata et al., 2016) , and also responds with nuclear Ca 2+ spiking to both 291 exogenous AM GSE and CO4 (Figs. 2&3) . Furthermore, no heterodimerization could be observed 292 between OsCERK1 and OsNFR5 in BiFC assays (Miyata et al. 2016) . Future research will now need 293 to focus on additional candidate rice LysM-based receptors by evaluating both the AM phenotypes 294 and the GSE/CO4-responsiveness of the respective mutant lines. 295
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Valentina Fiorilli for optimizing rice seed sterilization. Page 18 of 19 New Phytologist Figure 3 . Percentage of responding atrichoblasts in wild type, Oscerk1, Oscebip and Osnfr5 mutant roots in response to 10-5 M CO4. Nuclear Ca²⁺ spiking was elicited in a significant proportion of root atrichoblasts from wild type (51%), Oscebip (31%) and Osnfr5 (31%) lines treated with 10-5 M CO4 (grey), but not in the Oscerk1 mutant (asterisk indicates a statistically significant difference). Bars on each histogram indicate standard deviation. Differences between water controls (white) were not statistically significant.
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